Abstract--Due to the high penetration of Distributed Generations (DGs) in the network and the presently involving competition in all electrical energy markets, Virtual Power Plant (VPP) as a new concept has come into view, with the intention of dealing with the increasing number of DGs in the system and handling effectively the competition in the electricity markets. This paper reviews the VPP in terms of components and operation systems. VPP fundamentally is composed of a number of DGs including conventional dispatchable power plants and intermittent generating units along with possible flexible loads and storage units. In this paper, these components are described in an all-inclusive manner, and some of the most important ones are pointed out. In addition, the most important anticipated outcomes of the two types of VPP, Commercial VPP (CVPP) and Technical VPP (TVPP), are presented in detail. Furthermore, the important literature associated with Combined Heat and Power (CHP) based VPP, VPP components and modeling, VPP with Demand Response (DR), VPP bidding strategy, and participation of VPP in electricity markets are briefly classified and discussed in this paper.
I. INTRODUCTION
espite the fact that DGs have the capability of substituting the energy generated by conventional power plants, they require advanced technologies to safely and economically deliver energy to the system. With the high penetration of DGs, this passive attitude always causes the increasing total investment on the infrastructure and, in the long run, has an impact on the DG integration [1, 2] . In order to find a solution to the mentioned issue, DGs must be incorporated by an active systematic arrangement which helps them to contribute simultaneously in different electricity markets. Virtual Power Plant (VPP) is a conception that can be employed in accomplishing this objective [2] . Many projects have been done using VPP concepts, for example, the European virtual fuel cell power plant [3] , and the FENIX VPP [4] .
The VPP aggregates many heterogeneous Distributed Energy Resources (DERs) to function as a single DER. It also has the inherent capacity to include the influence of the system on the aggregated DER output. In order to participate in the electricity market, the VPPs have nondispatchable and dispatchable power plants including renewable and nonrenewable ones, storage units such as batteries and pump storage, and responsive loads that have some flexibility in their consumption energy levels. In other words, in VPPs, there are diverse kinds of power plants and storage units combined to overcome and handle the stochastic nature of renewable generators, the energy price and so on in a coordinating attitude [2] . VPP consists of two categories, the commercial VPP (CVPP) and technical VPP (TVPP). Fundamental and most important functions of CVPP are to optimize and schedule the production of aggregated DER units and consumption of the aggregated Demand Response (DR) resources. These functions are generally based on submitting DERs' characteristics, predicting the production and energy consumption, forming offers or bids, submitting bids or offers to different electricity markets, calculating optimal production and consumption, and making a daily schedule, etc. On the other hand, the TVPP, which is defined comprehensively in [5] , takes into consideration the actual system impact on the DER aggregated profile in addition to the cost and operating characteristics of the portfolio. The TVPP is composed of DERs which are located at the same geographical site. The most important tasks of the TVPP are uninterrupted monitoring, managing of financial issues, fault detection and localization, and so on [6] . The rest of the paper is organized as follows. Firstly, the VPP components including the conventional dispatchable power plants, intermittent generating units, storage units and flexible loads are described individually, and the literature related to them is briefly introduced. In the energy production units section, different literature related to control methods and procedure of CHP-based VPPs is provided. In storage units section, the literature related to electric vehicles as energy storage units in VPPs is reviewed. Finally, the operation system of the VPP with its related literature is presented.
Tao Yu
College of Electric Power, South China University of Technology, Guangzhou, 510640, China taoyu1@scut.edu.cn D II. VPP COMPONENTS There is some substantial literature that studied the different works in the areas of modeling such as modeling of DERs, storage units and other related components in a VPP. In what follows, firstly the VPP components are described, and then the most important literature related to them is briefly introduced.
VPP basically has three effective components. The first important component includes the conventional dispatchable power plants which are usually small scale fossil fuel power stations, and intermittent generating units. The second component includes the storage units which store electrical energy at a specified time in order to use it in the future. The third component includes the responsive or flexible loads which basically encompass residential housing and industrial electrical energy.
Different components and strategies are used in literature for VPPs; for example in [7] , the VPP system consists of wind, solar, hydrogen and thermal units. In this study, the intermittent resources of the VPP are the wind and solar generating station units. Ref. [8] considers a VPP consisting of DGs, electric vehicles and capacitors. Ref. [9] studies a VPP which is equipped with intermittent and conventional power plants including renewable sources and storage units. In [10] , a VPP which includes wind generation units as an intermittent source, pumps storage system as a storage facility, and a conventional dispatchable power plant is scheduled. Ref. [11] studies the typical VPP configuration and establishes a VPP with small generators including the wind, solar, CHP plants and flexible loads. In [12] , a VPP including solar units and responsive demands is explored. Ref. [13] studies a CVPP which includes DERs, battery storage units, and flexible loads. Ref. [14] considers a VPP as the combination of wind power units along with electric vehicles. Ref. [15] suggests a procedure to create a VPP including a wind generator and a DR provider. A VPP with wind generation units and pumped storage unit station working in a remote and isolated island is studied in [16] .
In the following subsections, different components of VPP are defined in detail, and the related recent literature is briefly described.
A. Energy Production Units (dispatchable power plants and intermittent generating units)
Gas turbines, diesel generators, and biodiesel or biogas resource based generators are some of the examples of conventional dispatchable power plants that are used in a VPP.
Nowadays, with rapidly increasing integration of renewable energy resources, they are an essential part of a VPP. These kinds of energy resources are intermittent and have stochastic inputs. In other words, their output comes from energy sources that generally depend on natural resources such as the wind or the sunlight. As a consequence of the mentioned phenomena, the output of these kinds of stochastic generating units is naturally hard to predict. In addition, these stochastic generating units are nondispatchable. Therefore, they need to be provided with backup units such as conventional dispatchable power plants and storage units.
Besides, using an electrical generating station for providing electricity and heat together as CHP units is also very attractive and popular in a VPP. The CHP concept, in particular, has the best thermal unit's efficiency. Also, in the direction of making an adjustment for the imbalance and likely financial disadvantages, the CHP is used to prevent the system from financial risks. For example, in [17] , the capability of a VPP that includes CHP and solar units facilities is assessed to reduce the imbalance between the power generation and consumption due to the renewable generations. In this study, the VPP is willing to contract to make energy bids into the markets including the day-ahead and balancing markets. The balancing market alleviates the energy imbalance due to the difference between the expected value of the predicted electricity and the actual output. The CHP is used for adjusting this imbalance.
Different control methods and procedure can be used for CHP-based VPPs. For example, a decentralized control method is explored in [18] for optimizing the residential systems including CHPs, heating boilers and a thermal storage. In [18, 19] , the most desirable procedure of CHP arrangements is clearly characterized. Ref. [20] demonstrates a system to assess the most desirable bidding planning of a VPP consisting of a CHP coupled with district heating (CHP-DH). In this paper, the ultimate goal is to scientifically investigate a bidding strategy for a VPP with maximum benefits. In [21] , a stochastic profit-based model is taken into consideration for scheduling purposes specifically designed for an industrial customer with CHP units in which the consumer requirements are provided by a responsive load.
A modeling methodology for CHP systems is presented in [22] as an element of the VPP with a high penetration of renewable energy resources. The operational schemes of CHP systems are demonstrated in connection with the market.
B. Storage Units
Storage units provide an opportunity for a VPP to transfer electrical energy from one period of time to another. The most important purpose of using storage units is to utilize this energy at a future time. Nowadays, in the production systems where stochastic renewable generators are used, the storage units are taken into consideration to balance the demand and generation. Ref. [23] reviews the storage units technologies used with stochastic renewable generators. There are many types of storage units that can be used in the modern VPP. The most important storage units that can be combined with the VPP are Hydraulic Pumped Energy Storage (HPES) which is a sort of hydroelectric energy storage used for balancing load, Compressed Air Energy Storage (CAES) which is one way to store energy using compressed air, Flywheel Energy Storage (FES) which works by speeding up a rotor to an exceedingly high speed and preserving the produced energy for use at another time, Superconducting Magnetic Energy Storage (SMES) systems which accumulate energy in the magnetic field generated by the flow of direct current in a superconducting coil, Electric double-layer capacitors (EDLC), Battery Energy Storage System (BESS), and so on. Ref. [24] reviews the HPES capabilities, technical progress, and hybrid systems as windhydro, pv-hydro, and wind-pv-hydro. Fig. 1 depicts the storage technologies that can be combined with the VPP, and their classifications. As shown, there are four categories for a CAES system to handle the heat including adiabatic, diabatic, isothermal, and near isothermal. Also, the hierarchical classification of supercapacitors is shown in the figure.
Also, electric vehicles including both Plug-in Electric Vehicles (PEVs) and Plug-in Hybrid Electric Vehicles (PHEVs) can be considered as energy storage units in VPPs. For example in [14] , a VPP considered as the combination of wind power units and electric vehicles. In this study, wind units try to use electric vehicles as a reserve storage unit to handle the uncertain nature of wind generators. As the study confirms, taking advantage of the rapidly growing number of electric vehicles, there is no need for preliminary investment in storage systems. A novel technique for backing up the scheduling of a VPP is suggested in [25] . The purpose of this technique is to reduce the operation costs by considering the extensive integration of Vehicle-to-Grid (V2G). Ref. [26] evaluates the opportunities of using electric vehicles as energy storage units in a VPP. The effects of market procedures on the behavior of market performers and the owners of electric vehicles are simulated in [27] . Ref. [28] presents a review on electric vehicles used in a smart grid. Also, the challenges and problems caused by the large numbers of electric vehicles and investigation of their abilities to interact with the RESs and DR programs are reviewed in [29] .
C. Flexible Loads
Flexible loads refer to the loads that can adjust their typical consumption patterns in response to variations in the electricity price, or to incentive payments [30] . The flexible or so-called responsive loads are composed of two parts. The first part is a structure which is used for communication between the load and central section. The second part is a control system necessary to regulate the flexible loads' utilization level. The flexible loads' utilization level in a VPP can be changed to meet the certain requirements. These changes can be done through an authorized control command or a kind of price signals called dynamic pricing methods.
The flexibility of dispatchable power plants and intermittent generating units is constrained by practical limits. Therefore, with only using energy production units, the flexibility of the system is restricted [31, 32] . DR can be used to increase the flexibility of the system. An assessment of the DR flexibility of housing smart appliances is presented in [33] . Ref. [32] declares a comprehensive plan and model of DR and responsive loads. In this study, the flexibility of responsive loads is exploited by means of price-responsive shiftable demand bids in the energy market along with spinning reserve bids in the reserve market.
Different DR definition and categorization are considered through Federal Energy Regulatory Commission (FERC). The state-of-the-art DR definition and categorization are presented thoroughly in [34] . In this study, a comprehensive advantage of DR along with the impacts of DR on electricity prices is considered.
DR needs to be incorporated in a system like a VPP to participate in an electricity market. Ref. [35] assesses the action of incorporating a DR into a VPP trading in a dayahead market and a balancing market. In [36] , a functioning process with novel DR programs for a VPP to take part in an energy market is suggested. Also, a method to gain the best offering strategy for a VPP consisting of a wind power producer and a DR in electricity markets is proposed in [15] .
The high penetration of both DERs and DR in VPPs requires state-of-the-art technologies for preserving system reliability. The problems caused by high penetration of DERs are reviewed in [37] . Ref. [38] reviews the current application and operation strategy of DR in a smart grid. Ref. [39] presents a review of integrating the DERs and DR in electricity markets.
DR can mitigate the critical load periods and improve the reliability of the system. However, implementing the DR needs an accurate demand forecast. The incomplete forecast of demand is the main uncertainty in a system equipped with DR programs. A new DR strategy is offered in [40] which is based on the consumers' submissions of candidate load profiles. Thus, forecasting the price elasticity of demand is not needed. Furthermore, the suggested DR strategy is improved and employed in a framework of the VPP.
III. OPERATION SYSTEMS OF VPP
The VPP organizes the dispatchable power plants, intermittent generating units, storage units and DRs by means of an Energy management system (EMS). EMS manages the energy transactions in the VPP through a bidirectional communication. It controls all the units including the nondispatchable and dispatchable power plants, storage units along with responsive loads [6, 41] . The EMS has a capability of controlling the system for many different objectives such as minimizing costs, minimizing the output pollution, or maximizing the profits. With the aim of these objectives, the EMS is required to receive data related to the units and predict the stochastic information such as renewable generators inputs, the price of energy, probable bottlenecks in the grid and etc.
In many kinds of literature, the modeling of uncertainties is also taken into account such as the uncertainties in nondispatchable renewable recourses, as well as the uncertainties in linear and nonlinear optimization problems. To handle the uncertainty problem, the energy production units, storage units and DRs should be coordinated by the EMS of VPP to guarantee the stability of the VPP. In [42] , the energy and reserve are organized at the same time in a VPP, and the Point Estimate Method (PEM) is used for modeling the uncertainties. Ref. [43] offers a stochastic programming model for involving the joint activity of the wind farm hydro system. In this study, in order to effectively handle the lack of wind power prediction, the VPP owner considers its hydro plants as a reserve capacity. The problem is also formulated as a Mixed Integer Linear Programming (MILP) to be solved by available commercial optimization programs. In [44] , a probabilistic approach based on PEM is used in a VPP. In this study, the uncertainty of DERs is compensated with the additional reserves. The large-scale integration of DERs is considered thoroughly by industrialized economic dispatch algorithm. Ref. [14] considers a VPP with wind power units and electric vehicles. In this study, wind units use electric vehicles as a storage unit to handle the uncertain nature of wind generators. In [12] , a systematic control of a VPP including solar units and responsive demands is explored to handle the uncertain nature of solar generators. The purpose of this work is to propose a flexible load which is able to be changed in a wide range. In order to do so, the power output of the solar units and responsive demands are synchronized. This problem is formulated as a Mixed Integer Programming (MIP) problem. A trading model based on the stochastic programming to maximize the VPP bidding profits in the day-ahead market and balancing market is presented in [45] . The trading model considers the uncertainty of stochastic variables of the VPP. In the direction of moderating the uncertain effects of wind and solar units in a VPP, a robust optimization is presented in [46] to produce a stochastic model considering DR. In [47] , a stochastic approach is offered for VPPs considering diverse uncertainties in generation units, electricity consumption and price. The stochastic approach allows them to participate in a day-ahead market. Ref. [48] deliberates the firm capacity provision under a VPP prototype in which the stochastic and intermittent nature of renewable sources is provided. In this study, the decision trees are used in this stochastic optimization problem considering the short-term and longterm firm capacity provision periods. This prototype makes it possible for the VPP to make available reserve capacity and contribute efficiently in electricity markets. Ref. [49] proposes a distributed optimization algorithm for the VPP bi-level optimal dispatch considering uncertain agent number. A VPP model is presented in [50] to expand a heuristic dynamic game theory considering the price uncertainty in addition to the security constraint. The proposed model can efficiently simulate the actions of market performers in a given amount of time to evaluate the economic behavior of the performers.
The bidding strategies offered by a VPP can be organized to fulfill different objectives. For example in [2, 51] , the bidding problem faced by a VPP is presented with two objectives, participating in day-ahead markets and providing spinning reserve service. The proposed bidding strategy is a non-equilibrium model based on the deterministic price-based unit commitment (PBUC). The bidding strategy takes into account the supply-demand balancing constraint and security constraint. The objectives of [11] are to maximize the selfsupply and market revenue of the CHP-based VPP from the perspective of the VPP in addition to the system operators. Ref. [52] suggests a procedure based on an evolutionary optimization algorithm in order to minimize the operational cost of a VPP which is in charge of DERs in a distribution network. The goal of Ref. [53] is to determine a two-stage operational planning structure for the short-term operation of the VPP. In this study, a stochastic bidding model is suggested for the VPP to maximize the profit from the energy market. Ref. [20] presents a method to find the optimal bidding planning of a VPP comprising a CHP and RES system for the maximum benefit. Ref. [13] studies the optimal bidding approach for a CVPP which includes DERs, battery storage units, and flexible loads. The proposed optimal bidding method is used to maximize the profit along with the expected real-time production and the consumption minimization. In [54] , a model of TVPP is proposed to reduce its cost with a non-linear programming considering the constraints of DGs, distribution systems and DR. One of the most important objectives that can be considered in a VPP is the system emission reduction. A multi-agent system is designed in [55] for the emission regulation of the aggregated microgenerators. In this study, the simulations of the operational system are confirmed by using an experimental system. The emissions of VPP are regulated to be close to the reference value. In [56] , an EMS model for VPPs is proposed to investigate the cost and emission impacts of VPP formation and PHEV penetration for the case study of California.
An arbitrage strategy can be used for VPPs take part in energy and ancillary service such as spinning reserve and reactive power services markets [57] . In [58] , the aggregation of DERs as a VPP is studied in a distribution network to allow it to economically take part in joint energy and reserve markets. This approach, which is predicated upon price-based unit commitment method, has considered virtually all the technical data in the proposed model. Ref. [59] develops a VPP to economically offer a conventional energy storage systems through the present network assets along with flexible demands. The cost-effective benefits of the VPP for frequency response services were assessed. In [60] , energy and ancillary services is offered to solve the joint management for the following day in view of minimizing the VPP total operation costs. In [61] , a probabilistic model is proposed and investigated for optimal day ahead scheduling of electrical and thermal energy resources in a VPP by simultaneously scheduling the energy and reserve in the presence of energy storage devices and demand response resources.
IV. CONCLUSION
Generally, through the VPP concept, each DER has the opportunity to participate in the whole electricity markets. A VPP can obtain the precise information about the market for its optimization problem such that the DERs in the VPP can achieve the maximum capacity. The most important financial advantages of the VPP for DER owners are the maximum profit from the electricity markets and reduced monetary risk. In this paper, the essential elements of the VPP including dispatchable power plants and intermittent generating units, flexible loads and storage units have been reviewed in a comprehensive way. The fundamental features of the two VPP categories, namely CVPP and TVPP, have been explained. Moreover, the literature related to CHP-based VPP, VPP components and modeling, VPP with DR and VPP bidding strategy has been considered in this paper.
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